SUMMARY Regional cerebral blood flow (rCBF) and oedema following profound temporary ischaemia were studied in the gerbil. Ninety-four per cent of animals died within 24 hours of reperfusion; 50% by 4 hours. Regional differences in oedema (specific gravity method), Evans blue (EB) staining and rCBF (hydrogen clearance technique) occurred. Oedema developed during arterial occlusion, being inversely proportional to residual flow and was markedly exacerbated during reperfusion. Reperfusion hyperaemia was maximal in the parietal and hippocampal regions (ischaemic rCBF 4 ml 100 g-I min-'). Oedema was disappearing in all areas by 3 hours of reperfusion and autoregulation returned in the occipital region (mean ischaemia rCBF 8 ml 100 g-' min-'). EB staining and haemorrhage appeared in the thalamus (rCBF 10 ml 100 g-' min-') as oedema was decreasing. It is suggested that the amount of oedema and hyperaemia during reperfusion are dependent on the severity of the ischaemia. Areas of moderate ischaemia (8-10 ml 100 g-' min-') show little hyperaemia and greater oedema resolution during reperfusion as compared to areas of severe ischaemia (circa 4 ml 100 g-' min-') where there is marked hyperaemia with less oedema resolution. Early in the reperfusion period, oedema is not associated with EB staining and indicates a cytotoxic mechanism. The vasogenic component, with macroscopic haemorrhages and leakage of EB occurs later. In this model it is concluded that the early cytotoxic oedema formation and hyperaemia are phenomena with little bearing on mortality, which correlates better with later vasogenic changes. 
Oedema will develop in ischaemic brain tissue and clear thresholds have been demonstrated at which the process develops.' 2 The level of ischaemia at which oedema begins is similar to that at which electrical activity ceases.3 " In the clinical situation, following a stroke, there may be a subsequent deterioration and the CT scan may demonstrate a brain shift and oedema surrounding the infarct. Following (rCBF, greater than 10 ml 100 g-' min-') oedema will rapidly resolve following restoration of flow. In severely ischaemic regions, less than 7 ml 100 g-' min-', oedema is aggravated during reperfusion.
Whether the development and resolution of oedema has anything to do with mortality and morbidity has yet to be decided.
We have used a model of bilateral carotid occlusion in gerbils which reliably produces profound ischaemia in the anterior two-thirds of the cerebral hemispheres, in order to study variations of flow and oedema, and correlated them with clinical survival following carotid occlusion. We have chosen a model of certain mortality to assess the effects of reperfusion through non viable cerebral tissue and to correlate this with our studies in brain tissue prostaglandins. ' In this paper we describe the clinical effects and cerebral vascular changes consequent on 1 hour of bilateral carotid occlusion. Thirty-four gerbils were observed following 60 minutes of temporary bilateral cerebral ischaemia. Note was made of paresis, seizures, conscious level and time of death. When breathing stopped, fixation-perfusion was carried out by infusion of saline, followed by 10% formalin, through the left ventricle. Brains were removed and immediately examined macroscopically after 12 coronal slices had been cut.
Group B: Macroscopic and morphological changes
Evans blue was given as a bolus intravenously (0.05 ml of 2% solution in saline pH 7-4) 30 minutes after application of the clip. Twenty-seven animals were sacrificed at set times to assess the evolution of Evan's blue (EB) staining. These reperfusion time intervals (with numbers of animals) of 60 minutes (9), 120 minutes (10), and 180 minutes (8) were taken following the standard hour of ischaemia. Animals were kill-perfused with 10% formalin and the presence of EB discoloration and/or haemorrhages noted. Hyperaemia was defined as a rCBF measured during reperfusion that was greater than the control value. All rCBF studies had arterial blood gases measured prior to occlusion, and once or twice during reperfusion (total volume less than 410 Al).
Validation of Technique Duplicate flows showed a + 6% reproducibility. The semilogarithmic plots were monoexponential in the gerbil. '22 In 82% of flow estimations, the coefficient of determination (r2) for the exponential regression was 2 0-9950, between 0-9900 and 0-9949 in 12% and 2 0 9850 and < 0-9899 in less than 5%. Fewer than 1 % were non linear and in all these a brief variation in MABP was noted (for example seizure). The poorest values of r2 were seen with slow flows in the immediate reperfusion phase.
Analysis
Chi squared testing with the Yates correction for continuity was used in the analysis of the mortality data, incidence of haemorrhages and Evans blue staining. Flow and oedema studies were compared by the student's t test (two tailed, unpaired). Results are expressed as means ± one standard deviation.
Results
Mean arterial blood pressure (MABP) (fig 3) , which was greatest in areas with more severely impaired occlusion flows. By 5 minutes of reperfusion the degree of oedema was very similar throughout the brain and it continued to increase for a further 60 minutes. The thalamus showed the most pronounced oedema during the ischaemic phase and, uniquely, did not show an increase in water accumulation during reperfusion. All areas, apart from the hippocampus, showed a return towards normal SG in the third hour of reperfusion. Resolution of oedema was greatest in the areas of least severe occlusion ischaemia and, for example, in the occipital area where the SG returned to control levels (figs 1 and 3). Despite simultaneous bilateral occlusion and release of the arteries, differences in SG were found between the left and right hemispheres, being most pronounced in the parietal areas. There was no change in the SG in the pons or cerebellum following ischaemia and reperfusion.
GROUP D: REGIONAL CEREBRAL BLOOD FLOW
In spontaneously breathing intact animals under barbiturate anaesthesia, the mean CBF was 29-6 ml 100 g-' min-' (215 electrodes). Mean rCBF ranged from 23 (corpus striatum) to 38 (parietal) ml 100 g-' min-'. Clipping produced a marked fall in rCBF to 3 ml 100 g-' min-' in the forebrain and 10 ml 100 g-' min-' in the thalamus and occiput. Following clip release, there was no significant mean flow change at 5 minutes. Regions of zero flow were seen occasionally in the forebrain during the early reperfusion phase, but these did not persist. Hyperaemia was then seen in all areas, with regional variations; flow returned to control values by 3 hours of reperfusion. Hyperaemia immediately after clip release was seen in the thalamus of only one animal. Hyperaemia was most marked in areas where the ischaemic flow was rCBF of 4-1 + 1.5 ml 100 g-' min-', (parietal area, fig 1) . There was no direct relationship between peak hyperaemia and peak oedema. MABP and rCBF in the first and third hour of reperfusion showed a passive pressure-flow relationship, suggesting a loss of autoregulation (fig 4) . Uniquely, in the occipital area there was a change in this relationship by the third hour of reperfusion. The difference between the slopes of the two regres- With occlusion, we have previously shown that Jel of cerebral there is an increase in cortical water as judged by a blood supply is decrease in specific gravity following carotid occluomplete anas-sion.2 In this study we have extended our observa-)vascular anas-tions to the deep grey matter, cerebellum and pons. lop sufficiently In the thalamus there is a progressive accumulation -sults in 100% during ischaemia, but no change in specific gravities unilateral liga-in the pons or cerebellum. During the restoration of flow there is a rapid accumulation of water which reaches a peak at 1-2 hours following the occlusion and then subsides. There is no change in water content during reperfusion in the pons and cerebellum where there was no ischaemia and none in the thalamus where there was no hyperaemia. Maximal resolution of oedema occurs in the occiput which has the highest cortical flow and in which autoregulation returned. The changes in specific gravity in general mirror the regional blood flow changes and the question arises as to whether the changes in specific gravity are real or artefacts due to an increase in local cerebral blood volume during the hyperaemia. This cannot be excluded in our experiments, nevertheless, our results are in broad agreement with those who have used differing methods for assessing water accumulation such as wet weight/dry weight'8 and isotopes.2' The specific gravity technique assumes that there is no change in tissue solids during the measurements. If there is protein extravasation, a correction factor has been applied in the cat.9 We have been unable to apply the correction factor in gerbils, perhaps because of the distribution of grey and white matter within the gerbil brain. We do not consider that a change in tissue solids would significantly contribute to an error in our result prior to the leakage of Evans blue and a protein marker. The question arises as to whether the specific gravity changes are due to regional changes in blood volume. Shigeno et a122 have quantified this artefact and the magnitude of our changes are well in excess of those produced by blood volume. Our own studies on gerbils (unpublished) confirm this. Thus, the changes in specific gravity in the first hour of reperfusion would be generally reliable and in the areas where there was no Evans blue staining might be reliable for the total period of observation. The accumulation and resolution of oedema illustrates the dynamic situation that pertains following restoration flow. Preliminary studies6 showed that if the ischaemic flow was above 10 ml 100 g-' min-', then the oedema accumulating during ischaemia would be resolved within an hour of reperfusion. In areas where the flow was less than 7 ml 100 g-' min-' there was an increase in oedema after 1 hour's restoration of flow. These time course studies demonstrate that within the severely ischaemia tissue there is resolution of the oedema after the initial increase associated with reperfusion. In the occipital regions with ischaemic flows in the region of 8 and from which areas of intravascular potassium extravation has been reported. 24 Autoregulation is lost in all regions where flow is less than 13-15 ml 100-' min-' in the primate,25 and in the gerbil lannotti and Hoff6 have demonstrated a similar finding. In these studies we have shown that in the occipital region with a mean flow of 8 ml 100 g ' min-', autoregulation returns 3 hours after the restoration of flow and this would suggest that in areas where the flow during ischaemia is above 8 ml 100 g-' min-' autoregulation ultimately will return.
We have also shown that in the same region, oedema will resolve and it might be concluded that even with this prolonged period of cerebral ischaemia ischaemic flow above 8 ml 100 g-' min-' might be tolerated with ultimate recovery.
What conclusions might be drawn from our results? Firstly, that in ischaemic tissue there is a reproducible relationship between ischaemic blood flow and the development of oedema. During reperfusion, however, the situation is a dynamic one and while there is a rough correlation between the hyperaemia and the extent of cytotoxic oedema, the relationship is less close. The accumulation and resolution of oedema extends to tissues which will not survive and the time scale of the accumulation and resolution of cytotoxic oedema does not correlate with the time of the animal's death. The latter is more closely related to signs of blood brain barrier 610 and vascular endothelial damage. Lastly, we have shown that autoregulation will return in tissues where the flow is above 8 ml 100 g-' min-' for 1 hour and, with the exception of the thalamic area for which there may be local exceptional circumstances, this level of ischaemic flow might be compatible with ultimate survival and return to normal function. 
